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I. Abstract
Abrasive treatment and subsequent electroporation of the basidiomycete Pleurotus
ostreatus in a hypertonic buffer was investigated as a potential method of transforming of
intact hyphæ. Mycelia, which are not capable of being transformed via electroporation
due to interference by the cell wall, were abraded in an attempt to mechanically degrade
the cell wall prior to electroporation. An electroporation field strength of 12,500 V/cm
for 500 µs to 1.25 ms was found to be optimal based upon mortality effects. A 32 µm
carborundum abrasive was initially evaluated but was quickly found to be inappropriately
large so a corundum abrasive with an average size of 300 nm was focused on. Vortexing
as well as low and medium power ultrasonic agitation with the corundum abrasive were
investigated for their potential to cause mechanical degradation of the cell walls.
Vortexing and low power sonication were found to be ineffective at causing adequate
degradation while medium power sonication was found to be both ineffective and super
lethal.

While the possibility of mechanical abrasion facilitating transformation via
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electroporation remains, it is unlikely that conventional methods of agitation will be
effective.
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II. Introduction
1. Transforming Filamentous Fungi
Filamentous fungi are ideal for expressing many proteins because they combine
efficient secretion and mammalian-compatible post-translational modifications with
low costs and rapid growth1,2,3. There are, however, significant barriers to their
widespread use in biotechology.

One of these is the difficulty in doing basic

transformation as there is currently no reliable method applicable to a wide variety of
filamentous fungi4,5.
The fungal cell wall is effective at preventing DNA from coming into contact
with the cell membrane where a variety of standard methods could facilitate
transformation6. Finding a simple and reliable method of overcoming the cell wall as
a barrier has proven to be challenging. Most current transformation protocols require
the use of protoplasts, the generation of which relies upon enzymes that are
notoriously inconsistent from batch to batch. This inconsistency is such that reaction
optimization must be performed on each enzyme batch. Each species also requires
individual optimization of enzyme types and quantities and this often cannot be
accomplished without a prior knowledge of cell wall composition7.
Once protoplasts are created, there are substantial difficulties in handling them.
Protoplasts are much more sensitive to pH and osmotic changes than native cells, they
are very susceptible to mechanical damage and manipulating them into regenerating a
cell wall can be difficult or impossible8,9.

The difficulties in handling and

regenerating protoplasts has led to efforts to use partial enzymatic digestion of the
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fungal cell wall to facilitate transformation. While this has been demonstrated to be a
feasible approach, the difficulties in finding the optimal level of digestion are far
more than optimizing for complete digestion7.
A transformation method that would eliminate the need for enzymatic degradation
while not requiring the use of protoplasts would reduce the cost and complexity of
such procedures. To achieve this, the cell wall must be partially degraded and DNA
must be brought into contact with and pass though the cell membrane. We attempted
to do this using mechanical abrasion to degrade the cell wall, a hyper-osmotic
transformation buffer to draw DNA near the cell membrane and electroporation to
allow it to pass through. The implications of this are far reaching because a method
that would facilitate transformation without enzymatic degradation could be applied
to a wide variety of filamentous fungi without the need for major optimization efforts.

2. Mechanical Degradation of Cell Walls
Small particles have been used to cause perforations and facilitate transformation
in biolistic devices for some time. Particles used for this are typically gold or
tungsten spheres approximately 1 µm in diameter and are accelerated with light gas or
a chemical propellant. Biolistic systems have long reset times during which rupture
discs must be loaded with particles and the preloaded discs loaded into the breach
block before firing. Since developing a method that was both rapid and did not
require a large amount of specialized equipment, biolistic perforation was deemed
inappropriate for the goal of this study.
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Methods of causing controlled mechanical damage to cells walls aside from
biolistics are absent from available literature. It was thought that the gentle
application of a fine grit abrasive to tissue in a liquid environment would cause
sufficient degradation of the cell wall to facilitate transformation via electroporation
without causing lethal injury to the cell. The selection of appropriate abrasives and
the mechanism of applying them was one of our goals.

3. Use of a Hyperosmotic Transformation Buffer
One technique that has shown promise is the use of transformation buffers with
osmolarity substantially beyond that of the target cell’s cytoplasm10. Exposure to
hyperosmotic solutions causes the plasmolysis of the cell membrane from the cell
wall which creates a void space that is filled by the hyperosmotic solution.
Macromolecules smaller than the cell wall’s pores can be drawn into void space as
the fluid migrates bringing them into direct contact with the cell membrane11. In
species with natively large or artificially enlarged cell wall pores, this mechanism
alone can significantly increase transformational efficiency.

With osmotic

equilibrium achieved, transformation methodologies that cause transient holes in the
membrane result in less cytoplasmic loss then under hypotonic conditions, resulting
in a lower mortality rate.
Hypertonic buffers are not without pitfalls however. With a major shift in the
osmolarity of the cytoplasm and the subsequent shrinkage of the cell, an immediate
return to normal osmotic conditions dramatically increases cell mortality. Finding the
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conditions under which fungal tissue could be plasmolyzed and then returned to
normal osmotic normal was one of the goals of this project.

4. Characteristics of Electroporation
Using electroporation to introduce DNA and other macromolecules into target
cells has a number of advantages over other methods.

It is often an order of

magnitude more efficient then chemical permeablization12, it does not suffer from the
difficulties of preparing for, or decontaminating after, agrobacterium mediated
transformation13, it is cheaper in equipment costs than biolistic approaches and once
optimized, it is far more reliable14,15.
Electrical pulses are able to create transient holes in the plasma membrane when
the field strength overcomes the dielectric character of the membrane16. The field
strength requirements are a function of the cell membrane composition and the size of
the cell’s cross section facing the electrode. As a general rule, larger cells require
lower field strengths to electroporate17.

Excessive field strength increases cell

mortality rates either by causing holes in the membrane that fail to close after the
electrical pulse ends or through the induction of apoptosis7. Electroporation typically
results in approximately 50% cell mortality at the field strengths ideal for
transformation and this mortality rate can by used to optimize reactions18. There are
no reported methodologies that have achieved transformation via electroporation in
intact filamentous fungi so determining the optimal field strength and pulse length
was one of the goals of this project.
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5. Pleurotus ostreatus (Oyster Mushroom)
Pleurotus ostreatus was chosen as the target of our investigation due to its
demonstrated ability to express hygromycin B phosphotransferase from pLG-hph23. It
is also well suited for our needs due to its rapid growth rate on liquid and solid media.
Pleurotus ostreatus is a commercially grown, edible mushroom commonly called
oyster mushrooms because of their oyster-like shape (Figure 1). They are primarily
saprophytic, but the hyphæ will opportunistically kill and consume nematodes as
well. Their life cycle is typical of Bacidiomycetes so their hyphæ are generally
dikaryotic. Like most Basidiomycetes, they grow as a flocculent white mat on solid
growth media and as white pellets when shaken in liquid media (Figure 2). Individual
hypha are 3 to 5 µm wide and hundreds of micrometers long. Their cell walls are
composed of chitin, zymosan and glycosylated mannoproteins and are 45 to 60 nm
thick depending upon the age of the hyphæ.
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Figure 1. The fruiting body of Pleurotus ostreatus (Oyster Mushroom) grown on
coffee and hardwood mulch doused with Luria broth at 26°C.

Figure 2. A mycilial clump of Pleurotus ostreatus grown in MYPG broth shaken at 120
rpm at 22°C for 10 days.
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III. Materials and Methods
1. Abrasives
Two abrasives were evaluated for their potential to cause cell wall wounding in a
consistent and useful manner. A 320 grit carborundum (SiC) (Fisher #C192-500) was
the evaluated by light microscopy (Model SZX12 Olympus, Japan). Particles are
irregularly shaped and range from 20 to 50 µm in length with an average size of 36
µm (Figure 3).
The second abrasive was corundum (Al2O3) (Microgrit Abrasives Inc.) and was
characterized by transmition electron microscopy (Joel, 100CX). Particle sizes range
from 50 nm to 700 nm in width with an average width of approximately 300 nm. For
particles over 500 nm, the crystal structure tends toward flat hexagonal plates (Figure
4).

Figure 3. 320 grit carborundum (SiC) at 90x. Particle size ranges from 20 to 50µm with
an average size of 36 µm.
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Figure 4. TEM of corundum (Al2O3) abrasive particles at 19,500x. Particle sizes range
from 50 nm to 700 nm in width with an average width of approximately 300 nm. For
particles over 500 nm, the crystal structure tends toward flat hexagonal plates.

2. Culture Media
A. Maltose Yeast-Extract Peptone Glucose (MYPG) Media
MYPG is designed as a maximum growth liquid culture medium. One liter is
made with 10 g maltose (Fisher # BP684-500), 10 g yeast extract (Fisher #
BP1422-500), 2 g peptone (Fisher # BP467-500), 0.4 g MgSO4 (Fisher # M63500), 4 g KH2PO4 (Fisher # BP363-1) and 5 g glucose (Fisher # D16-10). The pH
is adjusted to 6.4 with HCl or NaOH as needed, and autoclaved appropriately.

B. Malt-Extract Agar (MEA)
MEA (Mycomedia, Olympia, WA, USA) is a rich solid fungal growth
medium commonly used for rapid growth of a wide variety of fungi. MEA plates
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used in this study that contain HMB (Fisher # IC-N15751391) are designated as
MEA-Hx where “x” is the concentration of HMB in µg/ml.

C. Potato Dextrose Agar (PDA)
PDA (MycoSupply, Pittsburg, PA, USA) is another commonly used fungal
growth medium. PDA plates used in this study that contain HMB are designated
as PDA-Hx where “x” is the concentration of HMB in µg/ml.

3. Culturing Techniques
Generation of Pleurotus ostreatus culture lines was accomplished by tweezing
tissue from the interior of fruiting body caps and culturing it on MEA plates until
mycelial growth was observed (3-5 days). Once substantial growth had occurred
without apparent contamination present, the plates were sealed with parafilm and
refrigerated. Before each electroporation experiment, hyphæ were scraped from the
plate surface and used to inoculate MYPG flasks. The tissue was shaken at room
temperature at 120 rpm for 1-2 days until tissues clumps had approximately doubled
in size.

The mycelia clumps were then homogenized in a Tekmar Tissuemizer

(Vernon, BC, Canada) for 15 seconds at 20,500 rpm and returned to shake in the
culture flask for 1-4 days until the mycelia pellets were at about 40% settled volume.
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4. Plasmid Isolation
A single colony from a LBA-A75 plate was selected and used to inoculate a 100
ml flask of LB-A75. The flask was shaken at 37°C for 18-24 hours and half of the
contents poured in to each of two 2800 ml flasks containing 1200 ml of TB-A75.
These flasks were shaken at 37°C for 18-24 hours then pelleted by centrifuging at
4500 rpm for 10 minutes. Each pellet was resuspended in 20 ml of phosphate
buffered saline (Fisher # BP399-500) and combined in a single centrifuge tube. The
bacteria were pelleted by centrifuging at 4500 rpm for 10 minutes, then resuspended
in 100 ml of tris EDTA (TE) (Fisher # BP2475-1). One hundred milliliters of TE
saturated phenol (Fisher # A92-112)/chloroform (Aldrich # 31,998-8)/iso-amyl
alcohol (Fisher # MAX14406) 25:24:1 (PC) was added and mixed by inversion for 10
minutes. The tube was centrifuged at 10000 rpm for 10 minutes then the aqueous
phase was transferred to a fresh tube. To the aqueous phase, 1 ml of RNAse A
(Fisher # FP2500130) at 5 mg/ml was added and the tube was incubated at 37°C for
15 minutes. The lysate was treated with cycles of PC and centrifuged until no protein
appeared at the interface after centrifugation was completed. The aqueous phase was
transferred into a clean centrifuge tube and 1/10 volume of 2.5 M ammonium acetate
(Fisher # A693-500) and 2.5 volumes of 95% EtOH were added. This suspension
was incubated at –20°C for an hour then centrifuged at 10000 rpm for 20 minutes at
5°C. The supernatant was poured off and the pellet was dried with filtered air. The
pelleted DNA was suspended in 3ml of .5x TE and stored at –20°C.
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The concentration and size of plasmid was determined by the agarose gel
electrophoresis of serial dilutions next to a DNA ladder. Calculations were made
based upon dilutions that produced similar intensity band as appeared in a known
concentration ladder (NEB # 323-2).

5. Genes Involved in this Study
A. GPD promoter and Terminator
The constitutively active GPD promoter and terminator control the expression
of glyceraldehyde-3-phosphate dehydrogenase in Lentinus edodes23.

B. Hygromycin B Phosphotransferase
Hygromycin B (HMB) binds to ribosomes and distorts the A site causing
misreading and translocation problems19,20, but is rendered biologically inert after
phosphorylation by Hygromycin B phosphotransferase (hph). Hph genes isolated
from Escherichia coli code for proteins with molecular weights of 42.5 and 41.5
Kd. These proteins catalytically inactivate the broad spectrum21 antibiotic HMB
via phosphorylation of the 4-hydroxyl group on the cyclitol ring producing 7"-Ophosphoryl-hygromycin B which has a low ribosomal binding affinity22.

C. pLG-hph
The 5.9 kb plasmid pLG-hph (Figure 5) has the hph gene flanked by the GPD
promoter and terminator and has been shown to convey HMB resistance in
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Pleurotus ostreatus23. For our purposes, the plasmid was linearized with HindIII
to facilitate restriction enzyme mediated integration (REMI).

Figure 5. Restriction map of pLG-hph. This is a puc19 based plasmid capable of
conferring HMB resistance to Pleurotus ostreatus.

6. Electroporation protocol
Twenty-five milliliters of Pleurotus ostreatus tissue suspension was homogenized
with a Tekmar Tissumizer for 10 seconds at 20,500 rpm prior to treatment with the an
abrasive and agitation. The suspension was then degassed in a vacuum chamber at
approximately 500 millitorr until free of air bubbles. The tissue was washed twice by
resuspension in sterile deionized water and pelleting by centrifugation at 2000 rpm
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for 1 minute. Six milliliters equivalent volume of the tissue pellet was added to an
electroporation buffer consisting of 3 ml of 1.8 M Sucrose, 100 µl of .1 M CaCl2 and
2.9 ml of pLG-hph linearized with Hind III (Stratagene # 500600) at a concentration
of approximately 200 µg/ml.

The final concentrations varied somewhat due to

moisture retention of the fungal pellet but were approximately 0.8 M sucrose, 1.5 mM
CaCl2, 100 µg/ml of linear pLG-hph and 300 units/ml of Hind III.
Four hundred microliters of the resulting suspension was distributed into 2 mm
gap cuvettes (BTX # 45-0125) or the well of a 24 well culture plate per pulse
condition. After a 20-minute incubation period on ice, the cell suspensions were
subjected to electroporation from a Bio-Rad Gene-Pulser II or a BTX ECM 830. Four
hundred microliters of a 1:1 mixture of MYPG and 1.8 M sucrose was added to each
reaction after electroporation to facilitate tissue transfer to a 50 ml culture tube for
each pulse condition. MYPG was then slowly added to return the cells to normal
osmotic conditions. The culture tubes were then shaken at room temperature for 24
hours at 120 rpm prior to being plated on PDA-H25 and PDA. Plates were then
incubated at room temperature in the dark and monitored for resistant growth for a
minimum of two weeks.

7. Fungal DNA Isolation
In a 2 ml screw-cap centrifuge tube, 0.1 g of 320 grit carborundum was placed
with 3 or 4 3 mm glass beads, 1 ml phenol-chloroform (PC) and 0.5 ml TE buffer.
One to three tenths gram of fungal tissue was added and the tube was incubated on ice
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for 5 minutes. The tissue was lysed in a Qiagen Tissuelyser shaking at 100 Hz for 2
minutes. The tube was centrifuged at 10,000 rpm for 10 minutes then the aqueous
phase was transferred to a clean tube. The aqueous phase was treated with 1 ml of PC
for 5 minutes then centrifuged at 10,000 rpm for 10 minutes. An equal volume of 2propanol (Fisher # MPX18341) was added and the tube was incubated at –20°C for
10 minutes. The suspension was centrifuged at 10,000 rpm for 15 minutes. The
supernatant was poured off and the pellet was dried with filtered air. The pellet was
suspended in 30 µl of 0.5x TE and stored at –20°C.

8. Screening of Suspected Transformants
Culture plates were inspected visually and with a stereo microscope (Model
SZX12 Olympus, Japan) for growth for 2 weeks following transformation
experiments. PDA plates that showed no growth after 2 weeks were regarded as
having conditions during preparation, electroporation or recovery exceed the range of
survivability. PDA-H25 plates that had no visible growth after 2 weeks were regarded
as a failure to yield successful transformants. PDA-H25 plates that showed growth
were screened by PCR for the presence of the hph gene.
PCR screening with the Au2/Au4 primer set (Appendix 2) was used to check for
DNA extraction quality on all suspected transformants.

A product band

approximately 1,500 base pairs in size was used as an indication that DNA isolation
was successful. The PCR program used for the Au2/Au4 primer set was 3 minutes at
98°C, then 30 cycles of 30 seconds at 95°C, 30 seconds at 54°C and 1 minute at
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72°C. PCR reactions contained 15 µl 2x Master Mix (NEB # M0270S), 1 µg template
DNA and 0.5 µM of each primer in a 30 µl volume.
The primers HyF and HyR were used to screen transformants for the presence of
the hph gene. A product band approximately 800 base pairs in size was used as an
indication of successful transformation. The PCR program used for the HyF/HyR
primer set was 3 minutes at 98°C, then 30 cycles of 30 seconds at 95°C, 30 seconds at
58°C and 1 minute at 72°C. PCR reactions contained 15 µl 2x Master Mix, 1 µg
template DNA and 0.5 µM of each primer in a 30 µl volume.

9. PCR Screening Primer Function
The primer sets Au2/Au4 and HyF/HyR (Table 1), used to screen for the quality
of fungal DNA extractions and the presence of the hph gene respectively, yielded
bands of the expected size when used with the given protocol (Figure 6).
Table 1. PCR Screening Primers
Primer
Fragment
Annealing
Target Gene
Sequence
Set
Size
Temperature
Hygromycin B
HyF:
HyF/HyR Phosphotransferase 800 bp
GTCCTGCGGGTAAATAGCTG 55.6C
HyR:
ATTTGTGTACGCCCGACA
55.4C
AU2:
Au2/Au4 ITS
1500 bp TTTCGATGGTAGGATAGDGG 50.0C
AU4:
RTCTCACTAAGCCATTC
44.0C
The primer pair HyF and HyR were used to detect the presence of the hph gene is
colonies exhibiting HMB resistance. The primer pair Au2 and Au4 target the ITS and
were used to verify the quality of DNA extracts.
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A
B
Figure 6. A: HyF/HyR Primer Performance. Lane 1: New England Biolabs 1kb DNA
Ladder. Lane 2: HyF/HyR PCR product of expected size amplified from pLG-hph. B:
Au2/Au4 Primer Performance. Lane 1: New England Biolabs 100 bp DNA Ladder.
Lane 2: Au2/Au4 PCR product amplified of expected size from Pleurotus ostreatus
genomic DNA.
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IV. Results
1. Osmotic Shifting and Recovery
A buffer solution of 0.9 M sucrose and 1.6 mM CaCl2 was initially used to
plasmolyze hyphæ and was well tolerated. Lightly homogenized tissue was mixed
into the buffer by inversion and incubated on ice to plasmolyze. Tissue that was
immediately returned from this state to the osmotic condition in which it was grown
was killed but recovery through the slow addition of MYPG showed no detectible
change in mortality over homogenized tissue that was incubated on ice in MYPG.
Tissue used for the electroporation experiments was returned to normal osmotic
conditions by adding a volume of MYPG to a 800 µl ~0.8 M solution at 5 minute
intervals. The volumes were 0.5 ml x2, 1 ml x2, 2 ml x2, 4 ml and then the final
volume was brought up to 20 ml. This final addition of MYPG brought the sucrose
concentration down to approximately 0.04 M. The liquid culture was then returned to
the 120 rpm shaker and incubated at room temperature for 24 hours prior to plating
on solid media.

2. Electroporation Optimization
With very limited supporting literature to indicate what electroporation conditions
were optimal for transformation field intensities from 1,250 to 12,500 V/cm, pulse
durations from 25 µs to 2.6 ms as well as pulse repetitions were evaluated (Table 2).
Ultimately, no pulse condition resulted in a HMB resistant colony that screened
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positive via PCR so optimization based upon transformation efficiency was not
possible leaving an ideal mortality rate increase of 50% as the only metric.
Single pulses of 12,500 V/cm lasting from 500 to 2,200 µs resulted in reductions
in colony counts from 10 to 99% with an approximate 50% reduction from pulses
lasting 1,200 µs.

No other pulse condition resulted in a detectable increase in

mortality.

Table 2. Electroporation Conditions
Pulse
Pulse
Pulse capacitance Pulse
Pulse Mortality rate
intensity profile: (µF) / resistance duration
count: increase over
(V/cm):
(Ω):
(µs):
control:
1,250
Log
Max / 500
1
None Detected
1,500
Square
600
4
None Detected
2,500
Log
Max / 500
1
None Detected
3,000
Square
50-300
2-4
None Detected
4,500
Square
50-300
2-4
None Detected
5,000
Log
10-50 / 500
1
None Detected
6,000
Square
25-150
2-6
None Detected
6,750
Square
3
None Detected
7,500
Square
25-125
2-4
None Detected
7,500
Log
10-50 / 500
1
None Detected
9,000
Square
100
3-4
None Detected
10,000
Log
None Detected
10-50 / 500-Max ~800-2600 1
12,500
Log
10-99%
10-50 / 500-Max ~500-2200 1
Electroporation pulse conditions and their resulting effect on the mortality rate over the
control. Square pulses were delivered by a BTX ECM 830 using a custom electrode with
a 1/3 cm gap in a 24 well culture plate and log pulses were delivered by a Bio-Rad GenePulser II using 2mm gap cuvettes. Only 12,5000 V/cm pulses lasting from 500 to 2,200
µs produced detectable decreases in colony counts over the control with 1,200 µs pulses
resulting in an average count decrease of 50%. Pulse length on log pulses is the time to
.4x max voltage.
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3. Cell Wall Abrasion
The abrasive effects of ~320 grit carborundum on the hyphæ was initially studied
using agitation by vortexing and vigorous shaking. It quickly became clear that the
particles were too large to interact with anything other than the hyphæ on the exterior
of the mycelial clusters. The hyphæ have a width of 3-5µm and in rich liquid growth
media they typically grow in tight enough bundles to exclude the 36µm wide
carborundum (Figure 7). This size disparity also made the abrasive more likely to
cause crush damage than the gentle degradation of the cell wall that was desired.
The ~300 µm corundum abrasive was evaluated initially with vortexing and
vigorous hand shaking and while this is enough to disseminated the abrasive through
the hyphal bundles, the collision velocities were not causing enough cell wall
degradation to facilitate transformation at optimal field strengths. With the need for
more aggressive abrasion, ultrasonic agitation was explored. Low power ultrasonic
agitation in an ultrasound bath was used first and was insufficient to facilitate
transformation in repeated testing. Exposure times as long as 10 minutes were used
without a detectable increase in mortality based upon colony count. Because
ultrasonic baths generally lack adjustable power outputs and the base output was
evidently too weak to be effective, a 300-watt probe disrupter was used next.
Testing of the disrupter showed that exposing 5 ml of tissue suspension with
abrasive present to as little as three seconds on the lowest power setting, was lethal.
Microscopic inspection of exposure times as long as one minute showed no visible
cellular damage immediately following disruption, however no growth was
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observable after two weeks on PDA. Repetition in the absence of abrasive produced
similar results.

Figure 7. Pleurotus ostreatus grown in MYPG with carborundum particles imbedded in
the exterior of the mycelial mass after vortexing.
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V. Discussion
The use of mortality rates to optimize electroporation procedures has advantages in
that it can allow for optimization without wasting expensive reagents like purified DNA.
For filamentous fungi as used here, it is somewhat deceptive since colonies can start from
single living hypha, but were electroporated and subsequently plated in clumps that
potentially contained thousands of cells. It is more likely that pulses around 500 µs long
which only reduced colony counts by 10% are ideal rather than the 1,200 µs pulses.
It is worth noting that of the Bio-Rad Gene-Pulser II and BTX ECM 830, only the
Gene-Pulser II was capable of delivering pulses of this magnitude and 12,500 V/cm is
effectively the highest field strength it can achieve even with the pulse extension
subcomponents. Using a 0.1 mm gap cuvette rather than the 0.2 mm used here would
effectively bring the maximum achievable field strength to 25,000 V/cm, however it is
extremely difficult to grind fungal tissue into bundles small enough to fit in a gap that
size without truly homogenizing it. For Pleurotus ostreatus, this is not an issue but the
proximity to the functional limit of common electroporation devices may indicate that
other filamentous fungi may be resistant to any normally achievable field strength. This
brings the notion of an electroporation-based transformation method that could be
broadly applied across species boundaries into serious doubt.
While the agitation methods tested were either ineffective or ineffective and lethal,
with equipment capable of more intermediate ultrasonic energies it may be possible to
find a power output range that is energetic enough to accelerate the abrasive sufficiently
without causing lethal injury to the tissue from ultrasound alone.
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Ultimately, it would be far better to use a system in which the abrasive was
differentially accelerated. Small particles in a magnetic field may be one way of causing
such a differential acceleration and a nuclear magnetic resonance spectrometer might be
capable of producing a sufficiently powerful magnetic flux. There are some obvious
pitfalls in that the particle used would have to be iron alloy of some type which presents
issues of iron toxicity, but coated particles or a carefully selected alloy may sufficiently
reduce the toxicity. Moreover, if particles could be magnetically accelerated in a fluid
environment with force sufficient to perforate cells, chemical or electrical
permeabilization of the membrane may not be needed for DNA to enter the cells. This
could work very much like biolistic transformation methods without the need for lengthy
reloading procedures or special tissue handling.
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I. Abstract
The dose response of the basidiomycetes Pleurotus ostreatus, Agrocybe aegerita and
Cordyceps millitaris to the antibiotic hygromycin B was tested on two common and one
in-house solid growth media. The three species were grown on Potato dextrose agar,
malt extract agar and an agar containing maltose, yeast-extract, peptone and glucose with
concentrations of hygromycin B from zero to 100 µg/ml for 11 to 14 days. Micrometer
measurements were used to determine the growth rate of each species on each media.
Significant differences in hygromycin B tolerance for each species between the three
media types were evident (p-value < .0001 by ANOVA for all). Neither the media type
nor the growth rate on hygromycin B free plates were useful predictors of effective
hygromycin B doses so optimization should be performed on every strain and media type
used for selection.
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II. Introduction
Hygromycin B (HMB) has been used as a selective agent in a wide variety of
prokaryotic and eukaryotic organisms1,2. It is stable in an aqueous solution at 5°C for at
least three years, and at 37-60°C for at least a month3. Since the discovery of hygromycin
B resistance genes, it has become one of the most widely used antibiotics in gene transfer
experiments.
While the recommended working concentrations vary widely (50 to 1,000 µg/ml)3,4
and it is frequently recommended that the effective concentration be determined for each
culture line3,4, the effects of the different culture media on the concentration needed to
inhibit growth has gone largely unreported. To address this issue, we examine the dose
response of three basidiomycetes on three culture media.
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III. Materials and Methods
Pleurotus ostreatus, Agrocybe aegerita and Cordyceps millitaris were evaluated for
native hygromycin B resistance on a variety of solid growth media. Generation of fungal
tissue culture lines was accomplished by tweezing tissue from the interior of fruiting
bodies and culturing it on malt extract agar (Mycomedia) (MEA) plates until mycelial
growth was observed (3-5 days). Once substantial growth had occurred without apparent
contamination, hyphæ were scraped from the plate surface and used to inoculate 75 ml of
a liquid culture media composed of 10 g Maltose (Fisher # BP684-500), 10 g Yeast
Extract (Fisher # BP1422-500), 2 g Peptone (Fisher # BP467-500), 0.4 g MgSO4 (Fisher
# M63- 500), 4 g KH2PO4 (Fisher # BP363-1) and 5 g Glucose (Fisher # D16-10) per liter
with the pH adjusted to 6.4 (MYPG). The tissue was shaken at room temperature at 120
rpm for 1-2 days until tissues clumps had reached approximately 30% of the settled
volume. Ten milliliters of the mycelial suspension was then homogenized in a Tekmar
Tissuemizer for 15 seconds at 20,500 rpm and degassed in a vacuum chamber at 500
millitorr. The suspension was pelleted by centrifuging at 2800 g for 2 minutes and
supernatant was poured off. The hyphal pellet was then suspended in an equal volume of
deionized water so a consistent 200 µl inoculation could be easily pipetted as a single
spot onto the solid growth media.
Three solid growth media were evaluated for each species with 0, 25, 50, 75 and 100
µg/ml of HMB (Fisher # IC-N15751391). The first medium was MEA designated as
MEA-Hx where “x” is the concentration of HMB in µg/ml. The second medium was
potato dextrose agar (MycoSupply) (PDA) designated as PDA-Hx where “x” is the
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concentration of HMB in µg/ml. The third medium was MYPG agar (Fisher # AC40040500) (MYPGA) designated as MYPGA-Hx where “x” is the concentration of HMB in
µg/ml. All media were pH adjusted to 6.4 to 6.5 prior to autoclaving and filter sterilized
HMB was added after the autoclaved media had cooled to approximately 45°C.
All plates, once inoculated, were sealed with parafilm and kept in a dark incubator
maintained at room temperature. After three days, the edge of the mycelial growth was
outlined on the bottom of the plate with a fine point permanent marker and placed back in
the incubator. The plates were marked once again after substantial growth had occurred
and the distance between the growth lines was measured with a micrometer.

The

incubation period between marking the first and second growth lines was between 7 and
15 days with slower growing samples allowed more growth time in order to reduce the
effect of small measurement errors. A total of eight measurements were taken for each
species per growth condition.
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IV. Results
All three species showed significant variances (p-value < .0001 in all three sets) in
HMB tolerance between growth media as determined by ANOVA of the concentration
required to inhibit the growth rate by 50% (EC50) (Figures 1&2).

For Pleurotus

ostreatus, the EC50 on MEA was 20.37 µg/ml, 15.38 µg/ml on PDA and 7.535 µg/ml on
MYPGA. All three media conferred significantly different resistances by ANOVA and
Tukey’s HSD (p-value < .001). For Agrocybe aegerita, the EC50 on MEA was 26.55
µg/ml, 25.92 µg/ml on PDA and 6.152 µg/ml on MYPGA. For Cordyceps millitaris, the
EC50 on MEA was 28.10µg/ml, 26.12 µg/ml on PDA and 233 µg/ml on MYPGA. For
both Cordyceps millitaris and Agrocybe aegerita, MYPGA conferred significantly
different resistances than MEA and PDA by Tukey (p-value < .001).
The media that yielded the highest HMB EC50 was not consistent between species.
For Pleurotus ostreatus, MEA conferred the greatest HMB resistance. For Cordyceps
millitaris, MYPGA conferred the greatest HMB resistance. For Agrocybe aegerita, the
media that conferred the highest HMB resistance was a tie between MEA and PDA.
The media that conferred the most resistance to HMB did not correlate to the media
that allowed the fastest growth in the absence of HMB. It did however correlate with the
media that had the lowest growth rates in the absence on HMB.
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Figure 1. Media and hygromycin B (HMB) concentration-dependant growth rates. A:
Pleurotus ostreatus growth on MEA, PDA and MYPGA containing HMB at zero to 100
µg/ml at 11 days. B: Agrocybe aegerita growth on MEA, PDA and MYPGA containing
HMB at zero to 100 µg/ml at 11 days. C: Cordyceps millitaris growth on MEA, PDA
and MYPGA containing HMB at zero to 100 µg/ml at 11 days.
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Figure 2. Nonlinear fit of growth rates and EC50 95% confidence intervals. A: Pleurotus
ostreatus growth rates in mm/day on MEA, PDA and MYPGA containing HMB at zero
to 100 µg/ml. B: The Pleurotus ostreatus EC50 on MEA was 20.37 µg/ml, 15.38 µg/ml
on PDA and 7.535 µg/ml on MYPGA. Variance in tolerance is significant by ANOVA
(p-value < .0001). C: Agrocybe aegerita growth rates in mm/day on MEA, PDA and
MYPGA containing HMB at zero to 100µg/ml. D: The Agrocybe aegerita EC50 on MEA
was 26.55 µg/ml, 25.92 µg/ml on PDA and 6.152 µg/ml on MYPGA. Variance in
tolerance is significant by ANOVA (p-value < .0001). E: Cordyceps millitaris growth
rates in mm/day on MEA, PDA and MYPGA containing HMB at zero to 100 µg/ml. F:
The Cordyceps millitaris EC50 on MEA was 28.10 µg/ml, 26.12 µg/ml on PDA and 233
µg/ml on MYPGA. Variance in tolerance is significant by ANOVA (p-value < .0001).
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V. Discussion
While the media that showed the fastest growth rates in the absence of selection
correlated with the media that conferred the lowest HMB resistance across the three
species tested, it is unlikely that this could be used as a useful metric for predicting
effective doses, though it maybe useful in selecting a media that would minimize the
consumption of HMB.

The use of HMB as a selective antibiotic clearly requires

optimizing for the minimum selective dose for each species and media to be used. Broad
application of a standard effective dose is likely to result in false positives where
tolerance is higher than expected and false negatives where gene expression is lower than
expected. HMB remains a valuable selective chemical, however its use must be
approached with an awareness of the potential problems.
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